The excess weapons-grade plutonium available in the Russian Federation (R.F.) and the United States will be mainly disposed of by burning it as mixed-oxide (MOX) fuel in existing reactors. These reactors will be primarily VVER-1000s in the Russian Federation and pressurized-water reactors (PWRs) in the United States.
Safety analyses are required by the national regulatory bodies to prove that MOX fuel can be burned safely in these reactors. These safety analyses require calculations with safety codes that need the appropriate thermophysical properties of the MOX fuel.
The MOX fuel contains between 3 and 5% PuOz blended with natural or depleted uranium (in the proportion of 95-97%). The PuOz replaces the enriched fraction of 235U oxide in the regular UOz fuel. The uranium and plutonium dioxides are isostructural because their atomic masses are very close (238 and 239), and they form solid solutions.
A considerable body of data and correlations in the open literature covers measurements of thermal properties of UO2, PuO2, and MOX fuels. The data on MOX fuel are not so extensive as those on UOZ fuel; but nevertheless they are sufficient to select adequate properties for MOX fuel.
In this report, the available open literature on fuel properties has been searched and reviewed, and the best set of thermal properties for MOX and UO;? fuels has been selected.
The properties reviewed are solidus and liquidus temperatures of the uranium-plutonium dioxide system (melting temperature), enthalpy (or heat) of fusion, thermal expansion and density, enthalpy and specific heat, and thermal conductivity. Only fuel properties are studied in this report. The selected properties will be used in thermal-hydraulic codes that study only design basis accidents, Thus, no fuel melting will take place, and the majority of the properties presented are only for solid fuel. Properties needed to study severe accidents will be covered in a separate report.
For each property, the variables that influence the property are described, followed by a review of the available data and correlations. Variables considered are fuel composition, temperature (T), porosity (p) or fraction of the theoretical density (TD), bumup (B), and oxygen-to-metal (O/M) ratio or deviation from stoichiometry (x = O/M -2). It is expected that the use of these variables can accommodate fuel property variations due to different fuel manufacturing processes.
After the review, recommended values or correlations for both MOX and UO2 fuels are presented, and the properties are given as graphs or tables of the property vs temperature with or without bumup (fresh fuel). These tables can be used readily as input for the properties required in thermal-hydraulic codes.
As expected, the properties of UOz and MOX fuels are very similar, but some differences were clearly identified. MOX fuel has a lower melting temperature and a lower thermal conductivity than UOZ fuel, and bumup and/or deviation from stoichiometry reduce the thermal conductivity of both UO2 and MOX fuels significantly.
This report was completed as a collaborative effort between the Kurchatov Institute (R.F.) and Oak Ridge National Laboratory (ORNL).
SOLIDUS AND LIQUIDUS TEMPERATURES OF URANIUM-PLUTONIUM DIOXIDE FUELS

INTRODUCTION
The melting temperature of fuel is a function of the composition (PuO2 and UO2 fraction), O/M ratio, and bumup (B). This temperature decreases with increasing Pu02 mass or mole fraction (y), with increasing bumup, and with decreasing O/M ratio.
AVAILABLE DATA
The Adamson' equations provide the best fit to the data. The MATPRO expressions are based on Lyon and Baily3 data and yield the lowest values of the temperature, with the largest temperature reductions due to bumup. The Komatsu4 formula yields the highest temperatures; it has O/M ratio and bumup dependency. Tables 2.1 and 2.2 summarize the available data on melting temperatures.
RECOMMENDATIONS
Adamson' reported melting temperatures and equations that are the best fit to the experimental data. They are, therefore, recommended. This recommendation agrees with recent values reported by Fink8 for the International Nuclear Safety Center. Table 2 .3 as a function of the PuO2 mole fraction.
For mole fractions of PuO2 in fuel from 0 to 0.6, the two-standard-deviation estimated uncertainties are +35 K for the solidus temperature and +55 K for the liquidus temperature. For mole fractions of PuO2 above 0.6, the two-standard-deviation uncertainties increase to +50 K for the solidus and to +75 K for the liquidus temperatures.
The effect of bumup on the solidus (melting) temperatures of MOX fuel and UOn was investigated in Refs. 1,4, 9, and 10 ( Fig. 2.3 ). We recommend a correction for bumup by decreasing the solidus temperature by 0.5 K/MWd/kgU for both MOX and UOZ fuels. The density of PuO2 (or MOX fuel) is larger than the density of UO2. At 273 K, the density of UOZ is 10970 + 70 kg/m3, and the density of PuOz is 11460 I!I 80 kg/m3 (for 100% TD). Therefore, the density increases with increasing PuOz content and decreases with increasing temperature.
The effect of the other variables (O/M ratio and bumup) is less important and usually does not need to be considered. The deviation from stoichiometry (O/M ratio different than 2) decreases the density. The bumup has two different effects: at low bumups the density increases by fuel densification; at higher bumups, the density decreases by fuel swelling.
AVAILABLE
DATA AND CORRELATIONS Table 3 .1 shows the relevant correlations and data for the thermal expansion and density of the fuel. The parameters of thermal expansion of hypostoichiometric, (Ur-,P1@02-~, solid MOX fuel are recommended to be calculated by the corresponding parameters of the stoichiometric fuel, multiplying them by a factor of [l + 3.9(+0.9) * x]. Analysis of the experimental data' showed that this recommendation is valid up to 1800 K; however, in the absence of high-temperature data, it can be used up to the melting temperature.
The recommended correlations for the coefficient of volume expansion and density of liquid UOZ and MOX fuels as functions of temperature in the 3 120-4500 K region are given by: The relative uncertainties of these values are 4%.
These density correlations are for fully dense fuel with zero porosity. Generally, commercial fuel density ranges from 94-96% of TD prior to irradiation. During the early phases of irradiation, commercial fuel will densify by approximately l-2% with maximum densification occurring by 5-15 MWd/kg bumup. Fuel also swells, due to progressive buildings of fission products, at a rate of 0.7-l .O% Av/v per 10 MWd/kg (Ref. 8) . Maximum fuel density occurs between 5-15 GWd/MT bumup; thereafter, the fuel density decreases proportionally with increasing bumup. The fuel enthalpy and specific heat capacity are functions of fuel composition (UOz and PuOz fractions), temperature, bumup, and O/M ratio or deviation from stoichiometry. The effects of O/M ratio and bumup are very small and can be neglected. The specific heat capacity of MOX (or PuO,) fuel is slightly larger than the values of UOz fuel up to a temperature of -1800 K. Above this temperature, the reverse is true: UO:! fuel has a larger heat capacity than MOX fuel.
AVAILABLE DATA AND CORRELATIONS
The available data on enthalpy and specific heat capacity are given in Table 4 .1. Formula, table  Formula  Experiment, table   Experiment,  table, formula  Experiment, table   Formula, table   Experiment, formula T  Formula, table Formula  T  Formula, table  T  Formula  Formula  T 2+x cooling curves from 2300 to It was shown that above the h-phase transition, the heat capacity has a temperature dependence that is similar to that prior to the phase transition. The heat capacity equation of MATPRO does not fit these recent high-temperature data perfectly although the equation gives heat capacity values that increase with temperature (Figs. 4.1 and 4.2) . Previously recommended equations developed by Fink,2 which give a constant heat capacity above 2670 K, are not consistent with the heat capacity data of Ronchi et al." above 2670 K. More recently, Fink" reviewed all available heat capacity and enthalpy data for solid UO2 and made a combined analysis of enthalpy and heat capacity data to obtain equations for the enthalpy increments and heat capacities that are consistent with each other and with the experimental data.
Lucuta et al.&' measured the specific heats of simulated high-bumup UOz-based fuel (SlMFUEL) with an equivalent bumup from 3 to 8 at. % between room temperature and 1673 K. The results indicate that the bumup effect caused by fission products is rather small. The specific heat measurements of SlMFUEL have shown: (1) the specific heat increases slightly with bumup, as predict by the Kopp-Neymann rule; (2) higher oxygen contents increase the specific heat, but only slightly; (3) the dependence on bumup and on deviation from stoichiometry can be Table 4 .2. The uncertainty in the recommended enthalpy increments is +2% from 298 to 1800 K and +3% from 1800 K to the melting point. The heat capacity uncertainty is f2% from 298 to 1800 K and +13% from 1800 K to the melting point.
The effect of simulated bumup on specific heat can also be incorporated in the analytical expression of the heat capacity by modifying the constant C2 accordingly. Lucuta et al. 9 obtained:
where CZ is the constant in Eq. (4.2) (see Table 4 .2), and B is the numerical value of bumup (at. %). The enthalpy of liquid UO2 from 3120 to 4500 K is:"
H!(T) -H,(298.15K) = 2.977 x lo6 + 0.931T -4.9215 x lO"/T , (J/kg) . (4.4)
The uncertainty in the recommended enthalpy increments is f2% from 3 120 to 3500 K and flO% from 3500 K to 4500 K. The heat capacity uncertainty is +lO% from T, to 3400 K and increases linearly from +lO% at 3400 K to 25% at 4500 K. For PuO2 or MOX the values for UO2 can be used. The solid solutions, formed in the system U02-F't.102, are almost ideal. The Kopp-Neumann rule is true for an ideal system. We recommend the calculation of specific heat of solid MOX fuel [(UI-YPuY)02] by the Kopp-Neumann rule: for a mixture of UOZ and Pr.102, the specific heat capacity of the solid is determined by combining the contribution from each constituent in proportion to its mole fraction.
CPU?
= Cly> CP(T, UO2.00) + y CPP, ~02.~41) .
(4.6)
When the material is partially molten, the heat capacity is determined similarly with a weighed sum of the solid and liquid portions. Table 4 .3 shows calculated values of the density (calculated as recommended in Sect. 3), heat capacity, and the product "density" times "heat capacity" for U02 and MOX fuel (assuming 5% Pu02 with 95% TD). The values of this table can be used as input for thermal-hydraulic codes. 
INTRODUCTION
The phase transition from solid to liquid (melting) represents the loss of long-range order. For stoichiometric oxide compounds, this change is the phase transition of the first kind and occurs uniquely at one temperature. If the compound is nonstoichiometric or involves added components in solid solution, then melting may involve a liquid phase coexisting with a solid phase at different compositions. Composition changes are required to maintain the lowest free energy for the mixture at a given temperature. This transition is the phase transition of the second kind and occurs over a temperature range. The free energy content of the liquid exceeds the free energy content of the solid by an amount approximately equal to the heat of fusion, which is a measure of the loss of long-range order.
The experimental data about heat of fusion of pure UOZ are not numerous; and for pure I%02 they are absent in the open literature. The enthalpy or heat of fusion of pure U02 appears to be larger than the values for pure PuO2 or MOX fuel. There is significant scatter in the reported values, with some values for RuO2 larger than for UOZ. 
RECOMMENDATIONS
The recommended value for the heat of fusion of UO z.~ was calculated from Eqs. This value is based on evaluation by Epstein' from the liquid and solid data of the UO2-PuO2 system. This PuO2 fusion heat is the lowest reported value and, therefore, the most conservative value. For MOX fuel, a value of 67 f 3 kJ/mol(248 + 12 W/kg) can be used, or the fusion heat of stoichiometric MOX fuel with the given content of the mole fraction, y, of Pu02 in (U1-,PuY)02 can be calculated by the weighted average of the MOX components:
where AH,(UOz.& and AH,(PL~O~,~) are the heats of fusion for U02 and PuO2, respectively. The estimated error for this value is -15 W/kg.
Values of the heat of fusion, AH~((UI$uY)02), and the melting temperature of MOX fuel are tabulated in Table 5 .2 as a function of the mole fraction of PuO2. The thermal conductivity of both UOa and MOX fuels is a function of temperatureJue1 composition, fraction of the fuel theoretical density (TD) or porosity p [p = (pro -p)Iprn], O/M ratio or deviation from stoichiometry (x), and bumup (B). The thermal conductivity decreases with temperature up to -2000 K and then increases with temperature. The addition of PuOz to the fuel slightly decreases the thermal conductivity. Deviation of the O/M ratio from 2 significantly decreases the thermal conductivity and so does the bumup. The bumup slightly changes the O/M ratio, so both effects are interrelated.
AVAILABLE DATA AND CORRELATIONS
There is a very large body of data and correlations for the thermal conductivity of fuel. The data are not so extensive for MOX fuel as they are for UOZ fuel. Since 198 1 theoretical research and new measurements have led to improvements in equations for the thermal conductivity of unirradiated UO2. The physically based equation of Harding and Martin' included lattice (phonon-defect and phonon-phonon scattering processes) and smallpolaron ambipolar contributions. Since the publication of this equation, Casado, Harding, and Hylandi3 have shown that the temperature dependence for small-polaron ambipolar contribution is incorrect. They report the correct temperature dependence, which was used Ronchi et al." for fitting the thermal conductivity obtained from their thermal diffusivity measurements. The 2000-2900 K thermal diffusivity data of Ronchi et al." fusivity values reported by Weilbacher, 14 indicate that the high-temperature thermal difwhich were the main high-temperature data available prior to 1999, are too high. All data for the thermal diffusivity and thermal conductivity of solid unirradiated UO2, including the latest Ronchi et al." data, have been reassessed by Fink." The Fink" equation for the thermal conductivity of 95% dense solid unirradiated UO2 consists of a lattice term and a term suggested by Ronchi et al." to represent the small-polaron ambipolar contribution to the thermal conductivity.
Wiesenack' proposed a modification of the correlation for irradiated Urania thermal conductivity based on data from the Halden Ultra-High-Bum Experiment. The data indicated a steady degradation in Urania fuel thermal conductivity (averaged over the temperature range from 750 to 1200 K) of 5 to 7% per 10 MWd/kgU for bumups up to 88 MWd/kgU. The uncertainty on the bumup degradation rate must reflect the uncertainty on temperature measurement (-2%), heat generation rate (lo%), and on the analysis (-10%); it is therefore about 15% relative standard deviation. The thermal conductivity values have the same uncertainty. The data evaluation accounts for concurrent effects (e.g., gap closure and fission gas release), which also have an influence on temperature. Otherwise, the resulting correlation for Urania thermal conductivity reflected the "total" effect of solid and volatile fission products entrained in the fuel matrix, irradiation damage, microcracking, and others.
The degradation rate of Urania fuel thermal conductivity reported by Wiesenack* is qualitatively consistent with the results of laser-flash diffusivity measurements on unirradiated SIMPUBL performed by Lucuta et a1.3" SIMFUEL replicates the composition and the microstructure of irradiated fuel by introducing 11 stable additives into the UOZ, both those that are soluble in the fluorite-type lattice of the fuel and others that precipitate as second phases. The thermal conductivity was determined for different simulated bumups (1.5, 3,6, and 8 at. % bumup). The accuracy of diffusivity measurements (better than 5% relative standard deviation) combined with the extremely accurate specific heat measurements indicates conductivity measurement accuracy of better than 8% relative standard deviation. It is better (less) than the estimated uncertainty (15%) in Wiesenack' measurements. The use of SIMFUEL permitted the assessment and analysis of "single" effects on thermal conductivity. The effect of fission products and the effect of deviation from stoichiometry were quantified from the results in the form of factors applied to thermal conductivity of unit-radiated U02. The expression for each factor is derived from the available experimental data obtained by studying the single effect. Lucuta et al6 provide an analytical expression for the thermal conductivity of irradiated UO2 fuel as a function of the temperature; it accounts for all the changes taking place during irradiation. There are solid fission-product buildup (dissolved and precipitated), pores and fission-gas-bubble formation, radiation damage, and changes in the oxygen-to-uranium ratio (O/U). The expression for the parametric dependence of irradiated U02 thermal conductivity, h, has the form of a product with contributing factors for each individual effect.
Ohira and Itagaki' measured thermal conductivity of high-bumup BWR pellets using the "laser flash" method. Their correlation is similar to the Wiesea5k' correlation and fits their data well.
The "laser flash" method was used to measure the thermal diffusivity of fresh MOX fuel with plutonium contents ranging from 3 to 15 wt % and an O/M ratio ranging from 2.00 to 1. 
RECOMMENDATION
Analysis of available data shows that all changes taking place during irradiation [solid fission-product buildup (dissolved and precipitated), pores and fission-gas-bubble formation, and radiation damage] in UOz and MOX fuels are equivalent. We recommended use of the physically based Lucuta model6 for calculation of the irradiated UO2 and MOX thermal conductivity: h(T, B, p, x) = &(T, x) * FD * FP * FM * FR , (W * rn-' * R') , (6.1) where I&T, x) is the expression for thermal conductivity of unirradiated, fully dense U02 or MOX fuel (in W * rn-' * K-l); the FD factor (unitless) describes the effect of the dissolved solid fission products in the UO2 or MOX fuel matrix; the FP factor (unitless) describes the effect of the precipitated solid fission products in the UO2 or MOX fuel matrix; the FM factor (unitless) describes the effect of fuel porosity; the FR factor (unitless) describes the effect of radiation damage; T is temperature (in K); B is bumup [in at. % (1 at. % = 9.375 MWd/kgU)]; p is porosity, p = (pm -p)/prn; p is fuel density; pro is theoretical density (TD) for fully dense UOZ or MOX fuel; and x = 2 -(O/M) is deviation from stoichiometry.
The Figure 6 .1 shows the total thermal conductivity, the lattice contribution, and the ambipolar contribution as a function of temperature for UO2 and MOX fuels. Below 1300 K the ambipolar term is insignificant, and the total conductivity equals the lattice contribution. The UOZ lattice contribution is larger than that of MOX. Although the ambipolar term begins to have a significant contribution to the total thermal conductivity above 1300 K, it is not larger than the lattice contribution until 2800 K. At 3120 K the lattice contribution is still significant. We estimated the uncertainties in thermal conductivity calculated with the equation as 7% from 700 to 1800 K, increasing to 20% at 3100 K.
The effect of the "dissolved" fission products is reflected by a bumup and temperaturedependent factor FD (Lucuta6): FD = 0 * arctan(l/o) ) (6.4) where o = 1 .09/B3.265 + 0.0643(T/B)1'2.
The effect of the "precipitated" fission products is reflected by a bumup and temperaturedependent factor FJP (Lucuta6):
The effect of "porosity" is accounted for by the well-known Maxwell-Eucken factor, FM:
FM=(l-p)/(l+2p) . (6.6) The "radiation effect" is given by the factor FR (Lucuta6):
This factor has a significant effect at temperatures below 900 K, sharply decreasing as temperatures increase above 900 K. This factor is not dependent on the bumup. Values for the thermal conductivity for irradiated 95% dense UO2 calculated from Eqs. (6.1, 6.2,6.4-6.7) and from the Wiesenack' equation are given in Table 6 .2 and are shown in Fig. 6 .2 (our recommendation is labeled as Lucuta and Fink) . The deviations for the equation of Wiesenack' from our recommendations are greater than 20% above 2800 K.
Values for the thermal conductivity for irradiated 95% dense stoichiometric and hypostoichiometric (x = 0.02; 0.05) MOX fuel calculated from Eqs. (6.1, 6 .3-6.7) are given in Tables 6.3-6.5 and are shown in Figs. 6.3-6.5.
In Fig. 6.6 the recommended values for the thermal conductivity for irradiated 95% dense stoichiometric U02 and MOX fuels are compared. It is shown that values of the thermal conductivity of MOX fuel at equivalent bumup are less than for UO;! from 600 to 2600 K; at temperatures above 2600 K, the thermal conductivity MOX fuel is slightly larger than for UOZ. "Radiation effect (factor FR) with no burnup. 1.5~'."""""""""""""""""""""" ,~/,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,~,,,, 
